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To investigate the hemiﬁeld dependence of visually evoked responses to colour in the human fusiform gyrus we recorded evoked
potentials from subdural electrodes in a patient suﬀering from occipital epilepsy. The responses in the fusiform gyrus show a strong hemi-
ﬁeld dependence and discriminate the onset from the oﬀset of the stimulus. Additionally, we found responses to squares made of random
dots, whereas no responses were found to squares with a homogeneous bright surface. Our ﬁndings further support the idea that the
fusiform gyrus is related to colour and pattern perception. However, the hemiﬁeld dependence we found may indicate that further pro-
cessing is required in order to combine information from both visual hemiﬁelds.
 2006 Elsevier Ltd. All rights reserved.
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The posterior fusiform as well as the basal temporal cor-
tex seem to be crucial structures for colour perception
(Damasio & Frank, 1992; Girkin & Miller, 2001; Green
& Lessell, 1977; Lapresle, Metreau, & Annabi, 1977; Lee,
Hong, Seo, Tae, & Hong, 2000; Zeki, 1990; Zeki et al.,
1991). Zeki and co-workers using functional MRI in
humans localized the colour centre to the lateral aspect
of the collateral sulcus on the fusiform gyrus (McKeefry
& Zeki, 1997). MRI studies of patients with cerebral achro-
matopsia indicated that the lesion causing this deﬁcit
involved the middle third of the lingual gyrus (Damasio
& Frank, 1992). It has been reported that electrical cortical
stimulation of this area in humans produces simple, com-
plex, and intermediate form hallucinations, as well as col-
our and moving sensation (Lee et al., 2000). Several
studies showed that the fusiform gyrus can be selectively0042-6989/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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Chun, 1997; Puce, Allison, Asgari, Gore, & McCarthy,
1996) and many cases of prosopagnosia occur in patients
with damage of the lingual and fusiform gyri (Damasio,
Damasio, & Van Hoesen, 1982).
For the construction of a unitary visual percept, the
information available in both visual hemiﬁelds must be
combined. If the fusiform gyrus is an end stage in the visual
system for colour perception, it should be expected that
responses to visual stimuli would show no hemiﬁeld depen-
dence. On the contrary, if the responses are hemiﬁeld
dependent, it should be assumed that further processing
beyond the fusiform gyrus is required to combine both
hemiﬁelds. Indeed, functional MRI evidence suggests that
the visual information is represented more bilaterally the
more anterior the area (Tootell, Mendola, Hadjikhani,
Liu, & Dale, 1998). The main goal of the present work
was to study whether colour responses in the fusiform
gyrus were hemiﬁeld dependent. For this, we recorded
evoked potentials from subdural electrodes implanted in
a patient who suﬀered from occipital epilepsy. The implant
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ing evaluation for surgery oﬀers a unique opportunity to
examine how sensory information is processed throughout
the various sensory pathways and how it reaches conscious
perception. Recent studies have made use of this technique
combined with evoked potential recordings to study several
aspects of sensory cortical functions in humans (Allison,
Puce, Spencer, & McCarthy, 1999; Gonzalez, Relova, Pri-
eto, & Peleteiro, 2005; Grunwald et al., 2003; Mundel et al.,
2003; Ray et al., 1999). A previous study related to stereo-
scopic responses recorded on this patient was reported else-
where (Gonzalez et al., 2005).
2. Subjects and methods
A forty-seven year-old right-handed woman suﬀering from occipital
epilepsy underwent surgery for implantation of subdural electrode arrays
covering the medial aspect of the occipital cortex (MO, 8 · 1 electrodes),
the lateral occipito-temporo-parietal junction (LOTP, 8 · 4 electrodes),
and the basal occipito-temporal cortex (BOT, 6 · 1 electrodes) of the right
hemisphere (Fig. 1). The electrodes were made of platinum-iridium (Ad-
Tech, Racine, Winsconsin, USA) with a 1 mm diameter exposure, separat-
ed by 1 cm and inlaid in a thin silastic plate. The electrodes were primarily
used to study the epileptic seizures and evaluate a possible surgical
treatment.
3. Visual stimulation
The visual stimuli were projected by a computer-con-
trolled standard multimedia DLP projector (3M, model
MP7730, Minnesota, USA) onto a ﬂat surface facing the
subject at a distance of 115 cm. The stimuli were generated
by using a conventional personal computer running soft-
ware developed in our own laboratory (Gonzalez & Kra-
use, 1994). This computer generated a matrix of
320 · 200 pixels subtending 38.8 · 24 deg of visual ﬁeld
(‘Background’ in Fig. 2). Each pixel could be set to bright
or dark according to the type of stimulus used. The patient
had to ﬁxate a small target (0.36 · 0.36 deg, ‘Fixation tar-
get’ in Fig. 2) located in the centre of the screen.
To study colour sensitivity, the background pixels were
randomly set for several grey levels (including the ‘Figure’Fig. 1. Left: Coronal MRI section showing the location of the electrode BO
fusiform gyrus were recorded from these two electrodes. Right: lateral plain rad
indicated (4 and 8 of the MO strip; 2 and 3 of the BOT strip).area). To produce a colour stimulus, the pixels within the
‘Figure’ area (1.2 · 1.2 deg) were suddenly switched to
red, green, and blue colours (Fig. 2). Thus, a square of
a mixture of dots of these three colours could be per-
ceived in the background. The intensity of each pixel
was adjusted in such a way that it changed from grey
to colour, but the luminance remained constant, keeping
therefore the ‘Figure’ area always isoluminant with the
background (12.6 cd/m2). To achieve this, we separated
the three colour channels (red, green, and blue) and deter-
mined the intensity for each channel that produced isolu-
minant grey, red, green, and blue colours. The static
random dot ﬁelds we have used mimicked the ‘‘Chromat-
ic’’ and ‘‘Achromatic Mondrian’’ stimuli used by McKee-
fry and Zeki (1997) to study colour sensitivity in the
fusiform gyrus. To assess the hemiﬁeld inﬂuence in the
evoked response, we ﬁrst placed the ﬁgure on the left visu-
al hemiﬁeld (x = 1.7 deg, y = 0 deg; contralateral to the
recording hemisphere) and the on the right visual hemi-
ﬁeld (x = 1.7 deg, y = 0 deg; ipsilateral to the recording
hemisphere).
To study the eﬀect of texture on the cortical responses,
two types of stimuli were used. The ﬁrst stimulus was a sol-
id square covering an area of 1.2 · 1.2 deg centred in the
left hemiﬁeld (x = 1.68, y = 0). For this, all pixels within
this area were set to bright (‘‘Figure’’ in Fig. 2), while keep-
ing the remaining pixels dark (‘‘Background’’ in Fig. 2).
The second stimulus was generated in the same way but
only 10% of pixels were set to bright and they were dynam-
ic, that is, their 2D distribution changed every 1/60th s. The
luminance was 18.0 and 50.4 cd/m2 when 10% (texture) and
100% (solid) of pixels were set to bright, respectively
(Sekonic digi-spot, model L-488, Sekonic Co., Tokio). In
both cases, the ‘‘Figure’’ was presented on the left visual
hemiﬁeld (x = 1.7 deg, y = 0 deg).
4. Recording procedure
Recordings started two days after surgery and the
patient reported having perceived the visual stimulus inT-2. Electrode BOT-3 was a few millimeter posterior. Responses in the
iograph showing the electrode arrays. The electrodes used for recording are
Fig. 2. Schematic representation of the stimuli used in this study. To study texture responses we used as stimuli a bright solid square (‘‘Solid ﬁgure’’) and a
square of dynamic random dots (‘‘Texture’’) surrounded by a dark background. In both cases, the stimulus presentation lasted 275 ms. For colour
response assessment the background was ﬁlled with random grey dots (‘‘Colour’’) and suddenly the dots within a small square area were switched to
colour, thus a mixture of red, green, and blue dots could be perceived in the background. For the sake clarity the dots have been enlarged (in the actual
stimulus the size of each dot was 0.12 · 0.12 deg). After 275 ms the dots were turned again to grey. For testing hemiﬁeld dominance the same stimulus was
delivered in a symmetrical position on the right hemiﬁeld. In all instances, the patient was asked to ﬁxate a central target (‘‘Fixation target’’).
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recorded from pairs of subdural electrodes (BOT strip:
electrode 2 negative and 3 positive; MO strip: electrode 4
negative and 8 positive) by using standard equipment used
in clinical practice (Viking IV IOM, Nicolet Biomedical
Ltd., Wisconsin, USA). Electrode impedance was less than
10 Kohm. The recording of the electrode potential started
250 ms before the onset of the stimulus and lasted 1 s.
The stimulus presentation lasted for 275 ms and was
repeated every 2 s. The potentials evoked by 100 consecu-
tive stimulus presentations were averaged to obtain a ﬁnal
evoked potential for each type of stimulus. Signals were
bandpass ﬁltered from 1 to 100 Hz (American Electroen-
cephalographic Society, 1986). The resulting averaged
evoked potentials were then analysed for the presence of
deﬂections related to stimulus responses.
The patient was fully informed about the objectives,
details, and risks of the experiment and written consent
was obtained before the recordings were made. The exper-
iments were conducted in compliance with the relevant
laws and guidelines of the Bioethical Committee of our
institution and adhered to the tenets of the Declaration
of Helsinki.5. Results
The evoked potentials reported here were recorded from
pair of electrodes 2–3 of the BOT strip and 4–8 of the MO
strip. Talairach (Talairach & Tournoux, 1988) coordinates
(x, y, and z) were (34, 50, and 14) for electrode BOT-2,
(49, 55, and 16) for electrode BOT-3, (3, 65, and 14)
for electrode MO-4 and (3, 87, and 2) for electrode
MO-8. From a large number of tested electrodes, these
were the ones where we found clear evoked responses.
Since we had a limited time for recording, our study was
restricted to these electrodes. The reasons why we failed
to ﬁnd responses in other electrodes could have been
because we used an inappropriate visual stimulus or
because there was an inadequate contact between the elec-
trodes and the surface of the cortex. Blood vessels or
inﬂammatory exudates could be the cause of this later
problem. Electrodes from which reliable evoked potentials
were not recorded were also reported by other authors
(Allison et al., 1993). Colour responses were recorded from
electrodes BOT-2-3, whereas texture responses were
recorded from electrodes MO-4-8 and BOT-2-3. Because
of the limitations in the surgical technique, it was not pos-
Fig. 4. Visual evoked responses recorded from the pericalcarine area
(bipolar recordins from electrodes 4 (negative) and 8 (positive) of the MO
strip) and fusiform gyrus (bipolar recording from electrodes 2 (negative)
and 3 (positive) of the BOT strip). (A) The stimulus was a solid ﬁgure
surrounded by a dark background. A clear response was obtained in the
pericalcarine area whereas there was no response in the fusiform gyrus. (B)
The stimulus was a square made of dynamic random dots surrounded by a
dark background. In this case, in both areas a clear response was obtained.
In the fusiform gyrus only the onset of the ﬁgure produced response
whereas in the pericalcarine area a steady oscillatory response was
observed, while the stimulus was on. The thick line on the abscissa
indicates the time the stimulus was on. Positive voltage deﬂections are
down.
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stripes by direct visual inspection. However, the image
studies (X-ray, NMR and CT) indicated that the MO strip
was covering the calcarine ﬁssure, with the electrode 1 ante-
ro-superior and the electrode 8 infero-posterior, whereas
the BOT strip was lying along the fusiform gyrus with elec-
trode 1 anterior and electrode 6 posterior (Fig. 1). We shall
refer to these areas as pericalcarine area and fusiform
gyrus, respectively.
Colour elicited strong responses in the fusiform gyrus
(electrode pair BOT-2-3) as shown in Fig. 3. The response
peaked at approximately 210 ms after the stimulus onset.
These responses were hemiﬁeld dependent and only the
onset of the stimulus produced an evoked response. A large
response was obtained when the stimulus was located on
the contralateral hemiﬁeld, while only a weak response
was obtained if the stimulus was placed on the ipsilateral
hemiﬁeld (Fig. 3).
We found that solid squares elicited a strong response in
the pericalcarine area but no response in the fusiform gyrus
(Fig. 4A), whereas textured squares elicited a clear
response in both areas (Fig. 4B). In the fusiform gyrus,
only the onset of the stimulus produced response while in
the pericalcarine area the response was maintained while
the stimulus was on, given the dynamic nature of the tex-
ture. There was also a clear diﬀerence in the latency of
the response in both areas. As for colour stimulus, in the
fusiform gyrus the response peaked approximately 210 ms
after the stimulus onset whereas the response in the peri-
calcarine area peaked at approximately 150 ms after the
stimulus onset.
6. Discussion
As expected, we found unequivocal responses to colour
in the fusiform gyrus. Fig. 3 shows an evoked potential
recorded when a square area of grey dots is turned into col-
oured dots. Allison et al. (1993) recorded visual evokedFig. 3. Visual evoked responses to colour recorded from the right fusiform
gyrus. Bipolar recording from electrodes 2 (negative) and 3 (positive) of
the BOT strip. The stimulus used is shown in Fig. 2 (‘‘Colour’’). A clear
response was obtained from the contralateral visual hemiﬁeld (‘‘Contra-
lateral’’), while almost no response is obtained from the ipsilateral visual
hemiﬁeld (‘‘Ipsilateral’’). The thick line on the abscissa indicates the time
the stimulus was on. Positive voltage deﬂections are down.potentials using subdural strips and depth electrodes in
13 patients and found potentials that were evoked by alter-
nating red and blue stimuli in the posterior fusiform gyrus,
medial, and lateral lingual gyri, and at the occipital pole.
Although there is still controversy regarding the function
of the human colour centre and its relationship to area
V4 in lower primates, it is clear that lesions that produce
cerebral achromatopsia in humans are located in the ven-
tromedial occipital lobe (Girkin & Miller, 2001).
Observations made using functional MRI indicate that
when coloured images of natural objects are presented to
normal observers, early visual areas respond solely to
objects presented in the contralateral visual ﬁeld, but with
increasing distance from V1, visual areas also respond to
stimuli in the ipsilateral ﬁeld (Goebel, Muckli, Zanella,
Singer, & Stoerig, 2001). Other functional MRI studies
showed that in normal subjects the striate cortex is activat-
ed from the contralateral ﬁeld, whereas peristriate and
extrastriate cortical activation occurred bilaterally, but
the ipsilateral activation is weaker (Nelles et al., 2002).
There is some evidence of predominance of the contra-
lateral hemisphere in the fusiform gyrus. A study made
with electrodes chronically implanted reported that the
stimulation of the fusiform gyrus elicited colour sensations
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been observed that the unilateral infarction in the territory
of the posterior cerebral artery, which includes ventromedi-
al sector of the occipital lobe in humans, produces achro-
matopsia in the contralateral visual hemiﬁeld (Damasio,
Yamada, Damasio, Corbett, & McKee, 1980). Hemiﬁeld
asymmetries in the fusiform gyrus have also been reported
using magneto- and electro-encephalography techniques in
humans (Watanabe, Kakigi, & Puce, 2003). These observa-
tions suggest that in the fusiform gyrus there is a predom-
inant representation of the contralateral visual ﬁeld and
agrees with studies in monkeys reporting that shape inter-
actions are stronger when the interacting stimulus was
located in the contralateral hemiﬁeld (Missal, Vogels, Li,
& Orban, 1999). It has been observed that cells in the IT
cortex of monkeys have their receptive ﬁeld centres clearly
biased toward the contralateral visual ﬁeld (Op De Beeck &
Vogels, 2000), which indicates that the ipsilateral ﬁeld is
not yet completely represented in this area. In agreement
with these ﬁndings, we observed that the colour response
in the fusiform gyrus was strongly hemiﬁeld dependent.
As Fig. 3 shows, when the stimulus is presented on the ipis-
lateral hemiﬁeld, the response decreases dramatically. Sim-
ilarly, it has been observed that for random dot
stereograms, while there was a strong response from the
contralateral hemiﬁeld only a weak and delayed response
was obtained from the ipsilateral hemiﬁeld (Gonzalez
et al., 2005). This ipsilateral response in the fusiform gyrus
can be explained by the transcallosal transfer of visual
information between both hemispheres. Evidence for inter-
hemispheric pathways was reported using functional MRI
in normal subjects (ﬀytche, Howseman, Edwards, Sand-
eman, & Zeki, 2000). Electrophysiological studies made
in monkeys show that in progressively higher cortical
areas, cells have correspondingly larger receptive ﬁelds,
reaching in some areas the ipsilateral hemiﬁeld. This may
be indicative that a unitary visual percept requires an inte-
gration of the information available in the complete visual
ﬁeld.
In our study, we observed that untextured ﬁgures do not
elicit responses in the fusiform gyrus whereas random dot
textures elicit strong responses. As shown in Fig. 4A, while
a solid bright square evokes a strong response in the peri-
calcarine area, there is no response in the fusiform gyrus.
On the contrary, when a ﬁgure similar in shape but made
of random dots was used as stimulus (Fig. 4B) a clear
response is obtained in both areas. Thus, textures seem to
be a more eﬀective stimulus for the fusiform gyrus than
simple changes of luminance in homogeneous surfaces.
Since texture is a fundamental component of visual images,
we believe our results indicate that we were recording from
a region of the fusiform gyrus involved in object or face
recognition.
It has been observed that electrical stimulation of the
basal fusiform gyrus produces form hallucinations in
humans (Lee et al., 2000) and that the majority of cases
of prosopagnosia, which involves a defect in pattern recog-nition, resulting from damage of the inferior portions of
the occipitotemporal cortex, notably the lingual and fusi-
form gyri (Damasio et al., 1982). It has also been found
by functional MRI that the fusiform gyrus is active when
human subjects viewed faces and common objects (Kanw-
isher et al., 1997). Other studies using neuroimaging studies
found a number of small functional areas that respond bet-
ter to pictures of faces than other objects. One of these
areas has been described in the lateral middle fusiform
gyrus, often stronger in the right hemisphere (Halgren
et al., 1999; Haxby et al., 1999; Rossion et al., 2000; Ros-
sion et al., 2003). However, the fact that the fusiform gyrus
is highly hemiﬁeld dependent may indicate this area may be
an early stage in pattern recognition and colour perception,
and that further processing is required at hierarchically
higher cortical areas in order to combine the information
contained in both visual hemiﬁelds. The integration of
the ipsilateral and contralateral visual ﬁeld information is
presumably related to the construction of a unitary visual
percept (Tootell et al., 1998). The idea that the fusiform
gyrus is not an end point of the visual pathway has also
been suggested by other authors (McKeefry & Zeki,
1997). Moreover, PET studies in humans showed that the
use of more meaningful colour stimuli activate higher areas
(Corbetta, Miezin, Dobmeyer, Shulman, & Petersen, 1991).Acknowledgments
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